Introduction
Live-cell fl uorescence imaging has revealed that a large and diverse subclass of microtubule-associated proteins, the +TIPs, associate dynamically with the growing ends of microtubules ( Carvalho et al., 2003 ; Galjart and Perez, 2003 ; Lansbergen and Akhmanova, 2006 ; Akhmanova and Steinmetz, 2008 ) . They link microtubules to subcellular structures like organelles , actin fi laments ( Tsvetkov et al., 2007 ) , or the cell cortex ( Miller et al., 2000 ) . The mechanism by which +TIPs end-track is intimately linked to the dynamic state of the microtubule end. The elucidation of the end-tracking mechanism has proven to be challenging. Because plus end tracking of the large majority of +TIPs has until now only been observed in living cells, it remained unclear if end tracking of a given +TIP is a direct or indirect ability ( Schuyler and Pellman, 2001 ) . Furthermore, the multitude of interactions between +TIPs opened the possibility that redundant mechanisms of end accumulation might exist ( Akhmanova and Steinmetz, 2008 ) .
The most prominent plus end -tracking proteins conserved in all eukaryotes are members of the end-binding protein (EB) and CLIP-170 family Mimori-Kiyosue et al., 2000 ; Tirnauer et al., 2002 ; Galjart, 2005 ; Akhmanova and Steinmetz, 2008 ) . Recently, the in vitro reconstitution of plus end -tracking of fi ssion yeast EB and CLIP-170 family members revealed how, on a molecular level, these yeast +TIPs track growing microtubule ends ( Bieling et al., 2007 ) . The molecular mechanism of plus end tracking of vertebrate EB and, in particular, of CLIP-170 proteins is, however, still under debate. The observation that fragments of vertebrate CLIP-170 containing the N-terminal tandem microtubule binding (cytoskeleton-associated protein glycine-rich [CAP-Gly] ) domain bind to unpolymerized tubulin suggested that CLIP-170 autonomously tracks dynamic ends by a copolymerization mechanism Arnal et al., 2004 ; Folker et al., 2005 ; Ligon et al., 2006 ; Slep and Vale, 2007 ) , although it is clear that CLIP-170 orthologues in yeast require a molecular motor for end tracking ( Busch et al., 2004 ; Carvalho et al., 2004 ; Bieling et al., 2007 ) .
T he microtubule cytoskeleton is crucial for the internal organization of eukaryotic cells. Several microtubuleassociated proteins link microtubules to subcellular structures. A subclass of these proteins, the plus end -binding proteins (+TIPs), selectively binds to the growing plus ends of microtubules. Here, we reconstitute a vertebrate plus end tracking system composed of the most prominent +TIPs, end-binding protein 1 (EB1) and CLIP-170, in vitro and dissect their end-tracking mechanism. We fi nd that EB1 autonomously recognizes specifi c binding sites present at growing microtubule ends. In contrast, CLIP-170 does not end-track by itself but requires EB1. CLIP-170 recognizes and turns over rapidly on composite binding sites constituted by end-accumulated EB1 and tyrosinated ␣ -tubulin. In contrast to its fi ssion yeast orthologue Tip1, dynamic end tracking of CLIP-170 does not require the activity of a molecular motor. Our results demonstrate evolutionary diversity of the plus end recognition mechanism of CLIP-170 family members, whereas the autonomous end-tracking mechanism of EB family members is conserved.
To test whether the lack of microtubule binding resulted from a proposed inhibitory intramolecular head-to-tail association of its N-terminal microtubule-binding domains with its C-terminal tail region ( Lansbergen et al., 2004 ; Hayashi et al., 2007 ) , we generated a fragment of CLIP-170 previously called H2 ( Fig. 1 A ; Scheel et al., 1999 ; Arnal et al., 2004 ) , which contains the N-terminal CAP-Gly domains but lacks the C-terminal tail. This fragment is able to accumulate at growing microtubule ends inside living cells . In the absence of other proteins, purifi ed GFP-tagged fragments (H2-GFP) became bound along the microtubule lattice in buffer ( Fig. 2 A and Video 3, left; Scheel et al., 1999 ; Arnal et al., 2004 ) , which demonstrates that full-length CLIP-170 is autoinhibited in the absence of potentially required interaction partners. Strikingly, however, H2-GFP did not track growing microtubule ends in vitro ( Fig. 2 A and Video 3, left), despite binding weakly to soluble tubulin, as demonstrated by analytical gel fi ltration ( Fig. 2 D ) . Increasing the concentration of H2-GFP or decreasing the ionic strength of the buffer lead to more binding of H2-GFP along the microtubule lattice, which is similar to previous observations Folker et al., 2005 ) , but not to a selective accumulation at growing microtubule ends (unpublished data). H2-GFP also did not strongly promote microtubule growth (Fig. S1 A; Arnal et al., 2004 ) . In conclusion, CLIP-170 is not an autonomous end-tracking protein.
Next, we tested whether recombinant EB1 is an autonomous end-tracking protein. We found that EB1-GFP alone indeed selectively accumulated at growing, but not shrinking, microtubule ends in buffer ( Fig. 2 B and Video 4, available at http://www.jcb.org/cgi/content/full/jcb.200809190/DC1). This was previously also observed for the fi ssion yeast orthologue Mal3 ( Bieling et al., 2007 ) , which indicates that autonomous end tracking is an evolutionary conserved property of this protein family. Increasing the concentration of EB1 or decreasing the ionic strength of the buffer also revealed weak binding of EB1 to the microtubule lattice (unpublished data), which is in agreement with earlier observations ( Sandblad et al., 2006 ; Manna et al., 2008 ) . Within the concentration range of selective end tracking (up to ‫ف‬ 500 nM), EB1-GFP had only a mild effect on the microtubule growth velocity (Fig. S1 A) . Furthermore, EB1 did not form a complex with soluble tubulin (Fig. S1 B , left) . This is similar to its fi ssion yeast orthologue Mal3 ( Bieling et al., 2007 ) and agrees with the observation that EB1 only has a strong growth promoting activity at much higher concentrations ( Vitre et al., 2008 ) . Because EB proteins were strictly necessary for localization of CLIP-170 in X. laevis egg extract ( Fig. 1 D ) , we next tested if EB1 was able to recruit CLIP-170 to growing microtubule ends in the absence of other proteins in vitro. Strikingly, we found that in the presence of unlabeled EB1, full-length CLIP-170 -GFP ( Fig. 2 C and Video 2, right) and H2-GFP ( Fig. 2 C and Video 3, right) strongly accumulated at growing, but not at depolymerizing microtubule ends, which demonstrates that end tracking of CLIP-170 can be reconstituted in vitro with three Here, we reconstituted microtubule end tracking of vertebrate EB1 and CLIP-170 ( Fig. 1 A ) in vitro. We established the minimal requirements and elucidate the molecular mechanism underlying their ability to end-track. We fi nd that this mechanism differs from previously suggested models and demonstrate evolutionary diversity of part of the plus end -tracking mechanism.
Results and discussion CLIP-170 tracks growing microtubule ends in Xenopus laevis egg extract in an EB-dependent manner
We prepared recombinant, full-length CLIP-170 fused to GFP (CLIP-170 -GFP), and we fi rst tested for its functionality by examining its behavior in interphasic X. laevis egg extracts by time-lapse total internal refl ection fl uorescence (TIRF) microscopy. As in living cells , we observed selective accumulation of CLIP-170 -GFP at growing microtubule ends ( Fig. 1 ( Lansbergen et al., 2004 ; Watson and Stephens, 2006 ; Niethammer et al., 2007 ; Akhmanova and Steinmetz, 2008 ) . In particular, EB proteins have been implicated in CLIP-170 end tracking, but a strict hierarchy has not fi rmly been established ( Komarova et al., 2005 ) .
We found that quantitative immunodepletion of all EB family proteins from egg extract ( Fig. 1 C ; see Materials and methods) completely abrogated plus end tracking by CLIP-170 -GFP ( Fig. 1 D , left; and Video 1, middle), which clearly demonstrates that one or several EB proteins are strictly required for end tracking of vertebrate CLIP-170. Interestingly, add-back of only recombinant EB1 ( Fig. 1 C ) fully restored the end accumulation of right; and Video 1, right) . Recombinant EB1 fused to GFP (EB1-GFP) also selectively accumulated at growing microtubule ends in egg extracts ( Fig. 1 E ) , as expected from in vivo observations ( MimoriKiyosue et al., 2000 ) . To determine whether CLIP-170 is directly recruited to growing microtubule ends by end-associated EB1 or if other additional proteins present in the extract are also necessary, we identifi ed the minimal requirements for plus end tracking of CLIP-170 by reconstitution experiments with purifi ed proteins in buffer.
CLIP-170, in contrast to EB1, is not an autonomous microtubule end -binding protein
In buffer, dynamic microtubules extending from short surfaceimmobilized microtubules in the presence of purifi ed tubulin and GTP were imaged using time-lapse TIRF microscopy. Recombinant, full-length CLIP-170 -GFP failed to localize effi ciently to dynamic microtubules in vitro ( 
CLIP-170 and EB1 decorate growing microtubule ends for several seconds
Most previous studies favored a copolymerization mechanism for plus end tracking of CLIP-170 Arnal et al., 2004 ; Folker et al., 2005 ; Ligon et al., 2006 ; Slep and Vale, 2007 ) that requires tight binding of CLIP-170 to soluble tubulin. However, we found by analytical gel fi ltration that the interaction between H2 and tubulin under our in vitro conditions is rather weak ( Fig. 2 D ) , as compared with the interaction between EB1 and H2 ( Fig. 2 E ) . In the simplest copolymerization scenario, CLIP-170 bound to soluble tubulin would be loaded exclusively from solution to the very distal end of the growing microtubule, and the dissociation rate of CLIP-170 from the microtubule end region would directly determine the length of the CLIP-170 comets. We tested this prediction by measuring the comet tail length of the end-associated CLIP-170 proteins only. Therefore, EB1 is both necessary and suffi cient for recruiting CLIP-170 to growing microtubule ends. Our fi nding that EB1-dependent end tracking does not require the C-terminal tail of CLIP-170 in vitro is in agreement with biochemical and structural data that has demonstrated a weak but highly specifi c interaction between EB1 and CAP-Gly domains ( Honnappa et al., 2006 ) . Accordingly, analytical gel fi ltration demonstrated that EB1 and H2 indeed interact under the conditions of our experiments both in the absence (Fig. S1 B, right) and presence ( Fig. 2 E ) of excess soluble tubulin. Our identifi cation of a minimal vertebrate end-tracking system consisting of only EB1 and CLIP-170 contrasts the previously described fi ssion yeast system that additionally requires a motor protein for recruitment of the CLIP-170 orthologue ( Busch et al., 2004 ; Carvalho et al., 2004 ; Bieling et al., 2007 ) . excludes a copolymerization mechanism for CLIP-170. Therefore, the shape of CLIP-170 comets at growing microtubule ends is a signature of the distribution of binding sites that exist there in the presence of EB1 for 6 -7 s, and on which CLIP-170 turns over rapidly.
The corresponding analysis for EB1-GFP at growing microtubule ends also showed a large difference between the mean decoration time of 8.5 s, as obtained from the comet shape analysis ( Fig. 3 C , bottom; and Fig. S2 B) , and the mean single molecule dwell time of 0.05 s measured under single-molecule imaging conditions (217 events; Fig. 4 C and Fig. S3 B) . This indicates that EB1, like its fi ssion yeast orthologue Mal3 ( Bieling et al., 2007 ) , turns over rapidly on binding sites at micro tubule ends that it can recognize autonomously. This is in agreement with EB1 not binding efficiently to soluble GTP tubulin (Fig. S1 B, left) .
Strikingly, the characteristic mean decoration times at microtubule ends were quite similar among all +TIPs studied so far in vitro ( Fig. 4 D ; Bieling et al., 2007 ) . This suggests that the lifetime of end binding sites is determined by the kinetics of a characteristic structural transition at the microtubule end because it is largely independent of the identity of the specifi c molecular probe used for its measurement. This transition could be related to the closure of microtubule sheets that are observed by cryo-electron microscopy at the growing end ( Chretien et al., 1995 ) and/or to GTP hydrolysis in the GTP cap .
CLIP-170 binds at microtubule ends to composite binding sites consisting of tyrosinated ␣ -tubulin and tyrosinated EB1
Finally, we asked if CLIP-170 tracks growing microtubule ends by purely hitchhiking on EB1 or if it also interacts with the tubulin polymer on microtubule ends. Both ␣ -tubulin and EB1 carry a characteristic C-terminal EEY motif, of which the tyrosine is important for plus end tracking of CLIP-170, but not of EB1, in vivo ( Badin-Larcon et al., 2004 ; Erck et al., 2005 ; Peris et al., 2006 ) . Structural studies have shown that CAP-Gly domains can bind to the C-terminal regions of EB proteins ( Honnappa et al., 2005 ; Weisbrich et al., 2007 ) . To determine whether CLIP-170 interacts with both tubulin and EB1 while bound to the microtubule end, we prepared detyrosinated tubulin and an EB1 mutant with a C-terminal tyrosine-to-alanine substitution (EB1 Y → A ; Fig. 5 A ) . First, we showed that EB1 and EB1 Y → A bound similarly to the growing ends of microtubules, irrespective of the tyrosination state of tubulin in vitro ( Fig. 5, B and C ) . In contrast, both lattice association and end binding of H2-GFP in the presence of EB1 ( Fig. 5 E , bottom) were drastically reduced (by 94 and 87%, respectively) when microtubules assembled from detyrosinated tubulin ( Fig. 5 D , top right; and Video 5, top, available at http://www .jcb.org/cgi/content/full/jcb.200809190/DC1) instead of from normal, tyrosinated tubulin ( Fig. 5 D , top left) . Additionally, end tracking of H2-GFP on normal microtubules was abolished in the presence of EB1 Y → A , whereas lattice binding was not strongly affected ( Fig. 5 D , bottom left; Fig. 5 E , bottom; and Video 5, left) . Finally, the use of detyrosinated microtubules and EB1 Y → A completely abolished both end tracking and lattice binding of H2-GFP ( Fig. 5 D , bottom right; Fig. 5 E ; and Video 5, bottom).
ensemble and compared it to the dissociation kinetics of individual end-associated CLIP-170 molecules.
The decay length of the comet-like signal of H2-GFP and CLIP-170 -GFP at microtubule ends in the presence of unlabeled EB1 ( Fig. 3 A , left; and Fig. S2 A, left, available at http://www .jcb.org/cgi/content/full/jcb.200809190/DC1) increased with the microtubule growth velocity, which was varied by changing the tubulin concentration ( Fig. 3 A , right, inset; and Fig. S2 A, right,  inset) . Averaged fl uorescence intensity profi les from 50 individual growing microtubule ends revealed that the intensity of the comet tails decayed exponentially almost immediately after the maximum at the microtubule end that was toward the region of the microtubule lattice ( Fig. 3 A , right; and Fig. S2 A right) . Quantitative analysis showed that the comet tail lengths of both H2-GFP ( Fig. 3 B , top) and of CLIP-170 -GFP ( Fig. 3 B , middle) in the presence of unlabeled EB1 increased roughly linearly with increasing growth velocity. The mean decoration times (comet tail length divided by growth velocity) of ‫ف‬ 7.2 and 5.9 s, respectively, were almost independent of the growth velocity ( Fig. 3 C , top, middle) . The corresponding analysis for EB1 alone ( Fig. 3 B , bottom; and Fig. S2 B) showed a similar end decoration time ( Fig. 3 C , bottom) , which indicates that the distribution of CLIP-170 is largely determined by the distribution of end-associated EB1. The differences between the decoration times might be a consequence of the potentially cooperative nature of the binding events between the various domains of the +TIPs and tubulin.
CLIP-170 and EB1 turn over fast on binding sites at microtubule ends that exist for several seconds
We next tested if the measured decoration times represent the mean dwell time of individual +TIPs at the microtubule end, as a copolymerization mechanism would predict, or, alternatively, the lifetime of binding sites existing at the microtubule end for the +TIPs. To distinguish between these possibilities, we measured the turnover of single, end-associated H2-GFP or CLIP-170 -GFP molecules by fast single-molecule imaging using low concentrations of GFP-labeled protein in the presence of excess unlabeled EB1 and excess unlabeled H2 or CLIP-170, respectively. Brightness analysis of binding/unbinding events ( Fig. 4 A , top left) established that individual H2-GFP molecules could be visualized at growing microtubule ends. To obtain single molecule dwell times, we analyzed binding events of individual +TIP molecules at growing microtubule ends using kymographs (e.g., Fig. 4 A , right) . The analysis of 506 individual binding/ unbinding events of H2-GFP at growing microtubule ends yielded an exponential dwell time distribution with a mean value of only 0.25 s ( Fig. 4 A , bottom left) . The behavior of fulllength CLIP-170 -GFP was very similar, with a mean end-dwell time of 0.23 s (541 events; Fig. 4 B and Fig. S3 B) . These rapid unbinding kinetics are in agreement with recent turnover measurements in living cells ( Dragestein et al., 2008 ) . Together with the large difference in concentrations between the CLIP-170 (nM range) and soluble tubulin ( μ M range) under our conditions of selective end-tracking, the large difference between the ensemble decoration time and the single molecule dwell time EB1, which explains why end accumulation of CLIP-170 is dependent on tyrosinated tubulin in vivo ( Peris et al., 2006 ) .
Conclusion
We have reconstituted selective tracking of growing microtubule ends by the two major vertebrate +TIPs, CLIP-170 and EB1, in vitro, revealing the molecular mechanism of plus end These measurements on dynamic microtubules agree with crystallographic data that lead to the proposal that CAP-Gly domaincontaining proteins act as EEY motif -recognizing proteins ( Honnappa et al., 2006 ; Weisbrich et al., 2007 ) . Our results suggest that end tracking of CLIP-170 requires direct interactions with composite binding sites consisting of both tyrosinated ␣ -tubulin and, most importantly, of end-associated, tyrosinated (Roche) and lysed by passing through a high-pressure homogenizer twice. Clarifi ed lysates were loaded onto a Co 2+ -loaded HiTrap chelating column. After binding of the protein, the column was washed with buffer C containing 8.5 mM imidazole followed by elution with buffer C containing 300 mM imidazole. H2 was then directly gel fi ltered over a HiLoad Superdex 200 column equilibrated against buffer C, whereas H2-GFP was cleaved overnight at 4 ° C by adding His-tagged tobacco etch virus (TEV) protease, then desalted over a PD-10 column (GE Healthcare) equilibrated against buffer C and passed over a Co 2+ -loaded HiTrap chelating column to remove the cleaved z tag as well as the TEV protease. The fl ow-through containing H2-GFP was then gel fi ltered over a HiLoad Superdex 200 column equilibrated against buffer C. Peak fractions after gel fi ltration were pooled, supplemented with glycerol to a fi nal concentration of 20% (vol/vol), and fl ash frozen in liquid nitrogen.
Labeling of tubulin with Alexa Fluor 568 carboxylic acid succinimidyl ester (Invitrogen), with 5-(and-6)-carboxytetramethylrhodamine succinimidyl ester, or with 6((biotinoyl)amino)hexanoic acid, succinimidyl ester (Invitrogen) was performed as described previously ( Hyman et al., 1991 ) .
Polyclonal antibodies
Rabbit polyclonal antibodies recognizing X. laevis EB1 and EB3 were a gift of I. Kronja, S. Rybina, and E. Karsenti (European Molecular Biology Laboratory, Heidelberg, Germany).
Preparation of egg extracts
Preparation of cytostatic factor (CSF)-arrested egg extracts and immunodepletions were performed as described previously ( Desai et al., 1999 ) . Recombinant CLIP-170 -GFP or EB1-GFP were added 10 min before the experiment to a fi nal concentration of 125 nM of recombinant protein.
End-tracking assay in interphasic egg extract
Flow chambers consisting of two poly-L -lysine -polyethylene glycol (PLL-PEG) passivated glass surfaces separated by double-sided tape (Tesa) were prepared in a temperature-controlled room (18 ± 1 ° C). The chambers were washed twice with CSF-XB buffer, and the experiment was initiated by fl owing interphasic egg extract supplemented with 230 μ g/ml glucose oxidase (Serva), 35 μ g/ μ l catalase (Sigma-Aldrich), and 1 μ M Alexa Fluor 568 -labeled tubulin into the fl ow chamber. As the extract quickly heats up to room temperature, microtubule nucleation and growths occurs very rapidly. Therefore, the fl ow chamber was directly sealed with nail polish and immediately transferred to the microscope for imaging.
Analytical gel fi ltration 50 μ l of 20 μ M H2, EB1, and/or 40 μ M tubulin was incubated in gel fi ltration buffer (80 mM K-Pipes, pH 6.8, 85 mM KCl, 85 mM potassium-acetate, 4 mM MgCl 2 , 0.2 mM GTP, 1 mM EGTA, 10 mM ␤ -mercaptoethanol, and 0.25% [wt/wt] Brij-35) either individually or in combinations, as indicated, on ice for 15 min before loading on a Superose 6 PC 3.2/30 (GE Healthcare) equilibrated in gel fi ltration buffer. The absorbance of the eluted protein was measured at 280 nm. Fractions of 36 μ l were collected, supplemented with SDS sample buffer, and separated on 4 -12% Bis-Tris acrylamide gels (Invitrogen). Proteins were stained with Coomassie brilliant blue.
Detyrosination of tubulin
A mixture of pig brain tubulin and tetramethyl-6-carboxyrhodamine (TAMRA)-labeled tubulin (at 25 mg/ml and a labeling ratio of 1:15) was detyrosinated at 37 ° C by the addition of carboxypeptidase A (SigmaAldrich) at 6 U/mg of tubulin. After 5 min, 1 mM GTP and 2 mM MgCl 2 were added to the reaction to promote tubulin polymerization. After a 30-min incubation at 37 ° C, microtubules were centrifuged at 60,000 g , then resuspended and depolymerized in ice-cold buffer X (100 mM MOPS, pH 6.9, 2 mM EGTA, 1 mM MgSO 4 , and 2 mM DTT). Detyrosinated tubulin was recovered from the supernatant after centrifugation for 20 min at 60,000 g , subjected to another round of polymerization/depolymerization in BRB80 buffer (80 mM K-Pipes, pH 6.8, 2 mM MgCl 2 , and 1 mM EGTA), and frozen again in liquid nitrogen. For control experiments, tubulin was treated in the same way but without carboxypeptidase tracking of these vertebrate +TIPs. Members of the EB1 family autonomously recognize a structure that is associated with the growing microtubule end on which they turn over rapidly. Together with binding motifs contributed by the C terminus of ␣ -tubulin, EB1 establishes highly dynamic, composite binding sites for CLIP-170, which is by itself not able to track growing microtubule ends ( Fig. 5 F ) . EB proteins might in fact be unique in their ability to autonomously end track, and could also create end-associated binding sites in a similar manner for other EB1-dependent +TIPs. Although the mechanism of autonomous plus end tracking by EB1 family members appears to be evolutionary conserved, the interaction of CLIP-170 family members with the composite EB1/end tubulin -binding sites is not. In contrast to vertebrate CLIP-170, orthologues from yeasts additionally require a motor protein for plus end tracking ( Fig. 5 F ; Busch et al., 2004 ; Carvalho et al., 2004 ; Bieling et al., 2007 ) . This might be the result of differences in the modular composition between the members of the CLIP-170 or EB protein family and could refl ect differing intracellular constraints in different species.
Materials and methods

Protein biochemistry
Full length, human CLIP-170 and CLIP-170 -GFP (cytoplasmic linker protein 170 ␣ -2, GenBank/EMBL/DDBJ accession no. AAA35693 ; 59% amino acid identity to the putative CLIP-170 homologue from X. laevis ) were expressed in baculovirus-infected insect cells using the BactoBac system according to the manufacturer ' s instructions (Invitrogen). Harvested cells were resuspended in ice-cold buffer A (50 mM KP i , pH 7.5, 500 mM NaCl, 2 mM MgCl 2 , 10 mM ␤ -mercaptoethanol, and 0.25% [wt/wt] Brij-35) containing protease inhibitors (Roche) and lysed by being passed through a high-pressure homogenizer twice. Clarifi ed lysates were batch-incubated for 1.5 h at 4 ° C with Ni-Proteino resin (Macherey-Nagel). After binding of the protein, the resin was transferred into an empty column, which was washed with buffer A containing 3 mM imidazole, 50 mM arginine, and 50 mM glutamate. Proteins were eluted in buffer A containing 300 mM imidazole, 50 mM arginine, and 50 mM glutamate, then directly gel fi ltered over a HiLoad Superdex 200 (GE Healthcare) column equilibrated against buffer A containing 50 mM arginine and 50 mM glutamate. Peak fractions were pooled and either directly used for experiments for up to 2 d or supplemented with glycerol to a fi nal concentration of 20% (vol/vol) and fl ash frozen in liquid ethane.
Full-length EB1 and EB1-GFP from X. laevis (XEB1A, GenBank/EMBL/ DDBJ accession no. BAB84522 ; 75% amino acid identity to human EB1) were expressed in Escherichia coli (BL21(DE3) CodonPlus-RIL) induced with 0.5 mM IPTG for 8 h at 25 ° C). Harvested cells were resuspended in ice-cold buffer B (50 mM KP i , pH 7.2, 400 mM NaCl, 2 mM MgCl 2 , and 10 mM ␤ -mercaptoethanol) containing protease inhibitors (Roche) and lysed by being passed through a high-pressure homogenizer twice. Clarifi ed lysates were batch incubated for 1.5 h at 4 ° C with Ni-Proteino resin. After binding of the protein, the resin was transferred into an empty column, which was washed with buffer B containing 2.5 mM imidazole. Proteins were eluted in buffer B containing 300 mM imidazole and directly gel fi ltered over a HiLoad Superdex 200 column equilibrated against buffer B. Peak fractions were pooled, supplemented with glycerol to a fi nal concentration of 20% (vol/vol), and fl ash frozen in liquid nitrogen.
H2 and H2-GFP were expressed in E. coli (BL21(DE3) CodonPlus-RIL) and induced with 1 mM IPTG for 5 h at 30 ° C. Harvested cells were resuspended in ice-cold buffer C (50 mM KP i , pH 7.5, 500 mM NaCl, 1 mM MgCl 2 , and 1 mM ␤ -mercaptoethanol) containing protease inhibitors experiments. Single fl uorescent spots seen in fast time-lapse movies either from surface-adhered or end-tracking GFP-tagged +TIPs were automatically identifi ed using commercially available software (Kalaimoscope; TransInsight GmbH). To compare the brightness of the three constructs, intensity histograms were generated and maximum-normalized. For bleaching analysis, the number of spots was plotted against time and fi tted with a single exponential function with characteristic time T . Fig. S1 illustrates that microtubule growth speed is only weakly dependent on +TIP concentration, and shows results from two analytical gel fi ltrations. Fig. S2 shows the comet shape analysis of CLIP-170 and EB1. Fig. S3 provides information about the brightness distribution and the bleaching characteristics of all three +TIPs. Video 1 shows CLIP-170 -GFP in interphasic X. laevis egg extract. Video 2 shows CLIP-170 -GFP on dynamic microtubules in buffer. Video 3 shows H2-170 -GFP on dynamic microtubules in buffer. Video 4 shows EB1-GFP on dynamic microtubules in buffer. Video 5 shows the importance of C-terminal tyrosine of ␣ -tubulin and EB1 for end tracking of CLIP-170. Online supplemental material is available at http://www.jcb .org/cgi/content/full/jcb.200809190/DC1.
Online supplemental material
